Radio-over-fiber (RoF) technology has attracted ever-increasing interest for its potential use in future broadband wireless communications and future network services like 5G [1] [2] [3] [4] [5] [6] [7] [8] . It offers the advantages of high bandwidth, high mobility, and low propagation loss. Additionally, vector quadrature-amplitudemodulation (QAM) signal modulation formats can provide high spectral efficiency (SE). Thus, it is interesting work to introduce the vector signal modulation into an RoF system, which can efficiently overcome the limitation of insufficient spectrum resources and improve system SE. However, how to generate radio frequency (RF) vector signals at a high-frequency band based on the bandwidth-limited electrical devices is still challenging. Considering the stability, system configuration complexity and cost, external intensity modulation based photonic techniques assisted by a single-drive Mach-Zehnder modulator (MZM) or an integrated I/Q modulator is a promising solution. Moreover, it can realize high-frequency RF vector signal generation with the reduced bandwidth requirement for both optical and electrical components at the transmitter end, with the aid of photonic frequency multiplication, such as frequency doubling, tripling, and even to octupling [9] [10] [11] [12] [13] [14] [15] . Reference [13] proposed and experimentally demonstrated 8-Gbaud quadrature phase shift keying (QPSK) generation at 16 GHz by a single MZM-based frequency doubling. Reference [14] reported 4-Gbaud QPSK generation at 96 GHz by a single MZM-based photonic frequency octupling. Reference [15] proposed and experimentally investigated 16-Gb/s 64QAM orthogonal frequency division multiplexing signals at 20 GHz by an I/Q modulator-based frequency doubling.
However, in the aforementioned vector signal generation schemes, only one of the beating carriers can carry signals or the two beating carriers have to carry the same signals, which are spectral inefficient. Therefore, in this Letter, a spectral-efficient photonic RF vector signal generation scheme based on double single sidebands (SSBs) signals beating is proposed. The double SSBs carry different signals that are generated from the same I/Q modulator [16, 17] , and simultaneously detected by a same photodiode (PD). Thus, compared to the above-mentioned schemes, the spectral efficiency of this proposed scheme can be doubled. Phase precoding is employed to generate the desired constellations and differential coding/decoding is utilized for accurate demodulation. Three-ary phase-shift keying (PSK), 4-PSK, and 8-PSK are investigated via simulation, while 7-PSK is theoretically and experimentally demonstrated. The 10-Gbaud 7-PSK signals at 20 GHz are generated from the beating of two 10-Gbaud precoded 4-PSK signals at 10 GHz. Thus, the aggregate capacity is 40 Gb/s. The achieved bit-error ratio (BER) after 10-km standard single-mode fiber (SSMF) transmission is below the hard-decision forward-error-correction (HD-FEC) threshold of 3.8 × 10 −3 , which validates the feasibility of this proposed photonic vector signal generation. Figure 1 (a) shows the principle and experimental setup of our proposed photonic vector signal generation system using the double SSBs technique enabled by a single commercially available I/Q modulator, in which two sub-MZMs (MZ-a and MZ-b) are embedded in each arm of the main modulator (MZ-c). Figure 1(b) details the flow chart of the transmitterside digital signal processing (DSP). Two baseband precoded signals L and R are first generated through the process, as shown in Fig. 1(b) , including precoding, up-sampling, and passing through a low-pass filter (LPF). Then the baseband signals are upconverted to different intermediate frequencies at the positive and negative side to generate right and left single sideband signals. The generated electrical signals of the left (lower) and right (upper) E l t and E r t SSBs can be expressed as
(1)
where At, Bt and φ l t, φ r t are the amplitudes and phases of the left and right SSBs, respectively. w l and w r represent the angular frequencies of the dual SSBs. So the double SSBs electrical signals Et can be written as
The real and imaginary parts of the double SSBs signals can be used to drive the MZ-a and MZ-b of the I/Q modulator. Both the MZ-a and MZ-b are biased at their minimum transmission points to realize optical carrier suppression (OCS) modulation. Moreover, the MZ-c is used to provide π∕2 phase shift between these two arms. According to our previous derivation [4] , if just one single sideband is generated, the optical output of the I/Q modulator after using the Jocobi-Anger expansion can be given as
where J 1 and J −1 denote the Bessel function of the first kind. m l and m r are modulation indices and equal to πV drive At∕V π and πV drive Bt∕V π , respectively, while V drive and V π denote driving voltage and half-wave voltage of the modulator. At the case of two single sideband simultaneously transmission, the output of the I/Q modulator can be expressed as
E CW t denotes the continuous wave (CW) output of the laser. After square-law detection, the leading term of the generated RF current can be given as
where R denotes the PD sensitivity. We can see from Eq. (7) that the angular frequency w l w r of the generated RF vector signal is the sum of the driving RF signals at the left sideband and right sideband. However, it is realized that in our proposed scheme, after square-law PD conversion, the amplitude and phase information of the generated RF signal are carried by the terms of J −1 m l J 1 m r and φ l t φ r t, respectively. Therefore, in order to attain the amplitude and phase information of the multi-amplitude QAM vector signal after square-law detection, precoding is necessary. As a proof of concept, in this Letter, only constant-amplitude modulation formats are considered, e.g., M-ary PSK, so phase precoding is merely needed. The essential prerequisite is to make the received constellations well-distributed. It is necessary initially to classify the generation scheme into two types according to whether the constellations modulated on dual sidebands are with the same distributions.
In the constellations with different distribution case, the precoding can be only employed in one sideband. will be reduced, which will affect the system performance. Similar imbalanced distribution can be observed in Fig. 3 . This effect has been discussed and investigated in [13] .
In the constellations with the same distribution, the precoding should be implemented on dual sidebands. Assuming the modulation formats for dual sidebands are M-PSK, so the received signals will become (2M-1)-PSK. The phase φ l or φ r of the driving RF signals should satisfy
where φ data denotes the phase of the desired signals. For 4-PSK, the φ data is located at (0, π∕2, π, 3π∕2). According to Eq. (8), the precoded phases are located at (0, 1π∕7, 2π∕7, 3π∕7), which are depicted in Figs. 3(d) and 3(e) , respectively. Additionally, in order to make accurate decision and recovery at the receiver side, differential coding is also needed for this case. The detailed differential coding procedure can be referred to [18] . After direct detection, the signals can be 7-PSK, which is depicted in Fig. 3(f ) . The combination of two 2-PSKs can become 3-PSK, which is shown in Figs. 3(a)-3(c) . From this figure, we can find that the Euclidean distances between adjacent points in 3-PSK and 7-PSK are equal. Additionally, the 7-PSK signals in Fig. 3 (e) are generated by two differential coded four-level PSK (2 bits) ones, as depicted in Figs. 3(d)-3(f) . Thus, it can carry 4 bits information per symbol.
The generation procedure of the driving precoded 4-PSK RF signal is also depicted in Fig. 1(b) . The pseudo-random binary sequence (PRBS15) with 2 16 bits is first mapped onto the 4-PSK modulation format and then phase-precoding, and differential coding is implemented. The precoded symbols are up-sampled by a factor of 8. After passing a fourth-order Bessel LPF with a cut-off frequency of 10 GHz, the baseband signals are finally upconverted to a RF band. These procedures are accomplished by MATLAB programming, and then the generated precoded vector signal is uploaded to a digital-toanalog converter (DAC) with 80-GSa/s sampling rate to drive the MZM biased at its minimum transmission point. Noting that, according to the Nyquist theorem, the required minimum sample rate of the DAC in this proposal is 30 GSa/s. The utilization of 80-GSa/s DAC in this demonstration is merely due to the laboratory condition.
According to the analysis above, the transmitted signals can be constant or multi-amplitude QAM. In our demonstration, the left sideband and the right sideband are 10-GHz precoded RF signals carrying 10-Gbaud 4-PSK vector data for simplicity. The experimental setup for 7-PSK vector signal generation at 20 GHz adopting a single integrated I/Q modulator-assisted OCS modulation and simultaneous reception of double SSBs is depicted in Fig. 4 . The CW output from an external cavity laser is modulated by the aforementioned dual 10-Gbaud precoded 4-PSK signals at 10 GHz. The aggregate capacity is 40 Gb/s.
The real and imaginary parts of the dual sideband 10-GHz precoded 4-PSK signals are individually boosted by an electrical amplifier to ∼20 dBm to drive the I-and Q-branch of the I/Q modulator. Before being transmitted over a 10-km SSMF, the generated optical dual sideband signals are amplified using an erbium-doped fiber amplifier to compensate for modulation loss and insertion loss. Figures 5(a) and 5(b) give the output optical spectra of the left-sideband and right-sideband signals (0.02-nm resolution) when only one sideband was transmitted. Figure 5 (c) shows the optical spectra of the simultaneous transmission of dual sidebands, showing that two SSB optical subcarriers are generated with 20-GHz frequency spacing after OCS modulation. After transmitting over a span of 10-km SSMF, the optical signals pass through a variable optical attenuator.
At the receiver side, the dual sideband modulated optical RF signals are simultaneously detected by a commercially available PD with 3-dB bandwidth of 15 GHz and a cut-off frequency of about 26 GHz. Then, the obtained 20-GHz 7-PSK modulated electrical RF signal is captured by a digital oscilloscope with an 80-GSa/s sampling rate. The original dual 4-PSK signals can be recovered from the 20-GHz electrical RF signal after advanced offline (DSP), which includes intermediate frequency downconversion, constant modulus algorithm equalization, frequency offset estimation, carrier phase estimation, and differential decoding [19] . Figure 6 shows the measured BER performance versus the launched optical power into the PD for the 10-Gbaud 7-PSK signals at 20 GHz with and without 10-km SSMF transmission, respectively. The BER can reach the HD-FEC threshold of 3.8 × 10 −3 for both cases. From Fig. 6 we can find that 10-km SSMF transmission causes about 3.5-dB receiver sensitivity penalty, which is mainly induced by the chromatic dispersion [20] . Phase shift will be induced by chromatic dispersion, which is one of the limitations of this M-PSK-based vector signal generation scheme. If the transmission distance is fixed, this phase shift effect can be mitigated at the transmitter side by employing precoding techniques. However, if the transmission distance varies all the time, it can be hardly compensated. Meanwhile, the constellations of 10-Gbaud 7-PSK vector signals at the receiver end after employing digital signal processing are also shown in Fig. 6 as insets (i) and (ii). Insets (i) and (ii) depict the 7-PSK at the back-to-back and after the 10-km SSMF transmission case, respectively. It can be obviously found that the constellation is balanced distributed; however, the size of each point in the 7-PSK constellations is not the same, which is consistent with our aforementioned derivation. The size of each point is related to the probability of its occurrence. The point located at 3π∕7 is the biggest one with the probability of 4/16, and the points located at 2π∕7 or 4π∕7 are the second biggest with the probability of 3/16. The points located at 0π∕7 or 6π∕7 are the smallest with the probability of 1/16.
In conclusion, we propose and experimentally investigate a novel spectral-efficient photonic vector signal generation scheme. The vector signals at RF bands are generated by the beating of two single sidebands that carry different precoded signals from the same I/Q modulator, with the aid of differential coding. Various constellations such as 3-PSK, 4-PSK, 7-PSK, and 8-PSK have been investigated via simulation. As a proof of concept, 7-PSK has been experimentally studied in this demonstration. By adopting this scheme, we have successfully demonstrated the generation and transmission over 10-km SSMF of a 10-Gbaud 7-PSK vector signal at 20 GHz utilizing two precoded 4-PSK SSB signals at 10 GHz. The aggregate data rate is 40 Gb/s, and the system performance can be improved by employing a higher-bandwidth PD. Moreover, further capacity enhancement can be achieved by increasing the electrical bandwidth and adopting higher-order modulation formats. 
